A Boltzmann transport model for dose calculation in radiation therapy is considered. We formulate an optimal control problem for the desired dose. We prove existence and uniqueness of a minimizer. Based on this model we derive optimality conditions. The PN discretization in angle of the full model is considered. We show that the PN approximation of the optimality system is in fact the optimality system of the PN approximation.
Introduction
The use of ionizing radiation is one of the main tools in the therapy of cancer. The aim of radiation treatment is to deposit enough energy in cancer cells so that they are destroyed. On the other hand, healthy tissue around the cancer cells should be harmed as little as possible. Furthermore, some regions at risk, like the spinal chord, should receive almost no radiation at all.
Nowadays the optimal configuration of radiating sources for deposing the energy is manually determined by a dosimetrist, an experienced physician [7] . The dosimetrist decides on what is "optimal" based on his experience. Increasing computer power, however, will make more sophisticated treatment plans possible.
This work is an aggregation from [4] . There we consider a basic Boltzmann transport model which does not model all interactions exactly but does contain the mathematical structure. Based on this model we develop a direct optimization approach based on adjoint equations. The optimization problem which we consider has applications in brachytherapy, or in teletherapy if only the secondary ionizing radiation is considered.
The Problem
Consider a part of the patient's body which contains the region of the cancer cells. We assume that this part of the body can be described as a convex, open, bounded domain Z in R 3 . Furthermore, we assume that Z has a smooth boundary Γ with outward normal vector n. The direction, into which the electron is moving is given by Ω ∈ S 2 , where S 2 is the unit sphere in three dimensions. For the boundary we define Γ − = {(x, Ω) ∈ Γ : n(x) · Ω < 0}. Particle transport with source term Q(x) is modeled by the following transfer equation and boundary condition
Here, ψ(x, Ω) cos θdAdΩ is the number of particles that pass through an area dA at point x into a solid angle dΩ around Ω. The total cross section σ t (x) is the sum of absorption cross section σ a (x) and total scattering cross section σ s (x). The scattering phase function s(x, µ) is normalized. We assume that the amount of destroyed cancer cells in a small volume is directly proportional to the energy (or dose) deposit in the tissue D(x) = S 2 ψ(x, Ω)dΩ. We divide the patient's body, the domain Z, into three subdomains, the target region Z T , the region at risk Z R and normal tissue Z N . Also, we prescribe a target doseD, which is usually set to zero outside of the tumour. We try to find a source configuration Q(x) (typically independent of Ω) such that the quadratic deviation from the prescribed dose,
is minimal under the constraint that the transfer equation and the boundary condition from (1) is fulfilled.
In [4] , we were able to proof existence and uniqueness of a solution for the the optimal control problem with state constrain Q(x) ≥ 0 a.e.
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Additional, by the use of an adjoint calculus we derived an optimality system with state, adjoint and gradient equations. Solving radiative transfer problems or related optimization problems can be done by using the P N method (detailed discussion e.g. in [3] ). Since the transfer equation and the adjoint equation are very similar, it is possible to use the same method for solving both of them.
Two different approaches are useable for finding a solution to (3) by P N methods. The first one uses the P N approach to approximate the optimality system that is obtained from (1) (state equation, adjoint equation and gradient equation) . The second one applies the P N approximation to the intensity distribution and generates from the transfer equation an equation system for the state. The optimal control problem is reformulated for this new set of equations. By using Mark boundary conditions [5, 6] , in [4] we were able to proof that both approaches are equivalent.
Numerics
In [1] there is given a 2D example as approximation of a cross section of a human head. Here we present a slightly modified setup, that is given in [4] . Consider a 100 × 100mm square. The so-called cerebrospinal fluid (CSF) is represented by a thin layer around an interior square. Contained in this square there are the tumor Z T and the spinal chord Z R . Parameters for the problem are given in Table 1 . Figure 1 shows the geometry and in Figure 2 the optimal state is presented. Due to the optimization procedure the energy distribution is very close to the one we prescribed. On the other hand the region of the spinal chord receives almost no dose. This is exactly the behavior we wanted to achieve. Taking the source distribution from the optimization therefore would give a good starting point for a successful therapy of the tumor. 
